Millimeter-Wave (mmWave) antennas for 5G mobile terminals require a wide bandwidth, large-angle beam scanning, low-profile design, and multi-substrate compatibility for module-level integration. In this paper, we propose one candidate design employing a patch structure with the shorting pin to particularly generate extra zero modes. By taking advantages of the 2 nd zero-mode with the TM 01 mode, we can obtain a wide bandwidth covering 23.5∼28 GHz, a large-angle beam scanning with ±60 • , as well as keep the substrate as low profile as 0.508 mm. Thanks to the zero-mode induced patch-type design, it is compatible to multi-layer configuration possessing the extensibility and flexibility for further module design. We experimentally valid the design of a 4 × 2 array with multi-layer configuration in a cell phone environment. Good RF performances with ±60 • scanning in the wide bandwidth indicate this proposed design can be an appropriate candidate for 5G mobile terminals.
I. INTRODUCTION
5G (fifth-generation) mobile networks aim to provide an unprecedented connectivity with high data rate, low timedelay, and high device density, by using millimeter-wave (mmWave) bands. Different from 3G & 4G eras, 5G mobile communications utilizing frequency spectrum in mmWave bands instinctively suffer high propagation loss [1] , [2] . Therefore, phase array antennas with high directivity, wide frequency bandwidth and large-angle beam scanning are preferred. Many researches have been conducted to achieve these goals. Cavity-backed design [3] , anti-reflective layer with grating strips [4] , quad-mode planar structure [5] , magnetoelectric dipole [6] , and phase array with SIW [7] , [8] are proposed in mmWave bands to obtain wide frequency bandwidth and ±60 • beam scanning. Other techniques, such as tightly coupling design [9] , parasitic stacking patches [10] , [11] ,
The associate editor coordinating the review of this manuscript and approving it for publication was Wei Feng . tapered slot [12] , [13] , meta-surfaces [14] , [15] , Luneburg lens [16] , [17] , and modes switches with reconfigurable elements [18] , [20] are developed as well for achieving the similar RF performances. These research works indeed provide freedoms for 5G mmWave antennas. However, these mmWave antennas mentioned above, such as coupling design, Luneburg lens, and modes switching-type layout, require extra substrate layers, which increases the thickness, volume and the complexity of 5G RF modules. Some RF modules with multi-layer configuration, such as [21] , [22] , employ the patch antenna, due to its advantages in multi-layer compatibility and low profile [23] , [24] . Comprehensively considering multi-layer integration compatibility, low profile, large-angle beam scanning and wide bandwidth, patch configuration particularly with shorting pins, might be a good candidate for 5G terminals [25] , [26] . Pin-loaded technique was proposed in [27] for the first time, then developed in [28] to improve the gain of patch antennas and in [29] - [31] to improve impedance matching. Shorting pins can induce extra zero modes [32] , [33] that can be taken advantages of to enhance the bandwidth. These pioneer works explored the patch antennas with short pins, but they have been carried out in relative lower band bellow 10 GHz and particularly for bandwidth enhancement, rather than in mmWave band for beam scanning and low-profile design that are crucial for 5G mobile terminals. In mmWave band applying for 5G mobiles, antennas predominantly concern directional communications with module-level integration, hence comprehensively require properties of large-angle beam scanning, low profile, and wide bandwidth. Zero-mode induced patch antenna has the potential to be a good mmWave antenna candidate for 5G terminals, but few relative works study it.
In this paper, we explore the patch design by employing the shorting pin in the mmWave band with particularly inducing the 2 nd zero mode and TM 01 mode, thus covering a wide bandwidth of 23.5∼28 GHz, as well as obtaining ±60 • beam scanning, and keeping the antenna substrate as thin as 0.508 mm. We implement experiments with multi-layer configuration and as well as in a cell phone environment.
II. ANTENNA DESIGN AND SIMULATION A. UNIT CELL DESIGN AND SIMULATION
The antenna consists of a rectangular patch on the top surface, a dielectric substrate layer (Rogers RO4350 with ε r = 3.48, tanδ = 0.0037), and a RF ground layer, as illustrated in Fig. 1(a) , (b). Especially, a shorting pin is employed in the patch design to produce extra zero modes as shown in Fig. 1(c) . The center of patch is origin, and the location (x 1 , y 1 ) of feed point is (0mm, 0.7mm), and that of shorting pin (x 0 , y 0 ) is (1.7mm, -0.1mm). The mechanism of inducing zero modes can be explained qualitatively by the wellknown cavity model theory [34] . In the cavity model, patch antenna with a feed point around the center possesses the magnetic-wall approximation boundary condition [35] , thus, can obtain the solution for wavenumber k mn (m, n = 0, 1, 2, . . . ), which determines the resonance f mn . Similarly, applying a shoring pin in the patch produces vanishing of electrical field at that position, leading to field perturbation, and generating zero-mode resonances. As plotted in Fig. 2 , patch antenna with a shorting pin induce an extra zero-mode resonance at 9.5 GHz ( Fig. 2(a) ), while this resonance does not exist without shorting pin ( Fig. 2(d) ). These two curves in Fig. 1 (c) clearly demonstrate the extra induced resonance mode at 9.5 GHz. Fig. 2 Fig. 2 (e) demonstrate the field is perturbed particularly in the margins and the edges, resulting in generating a 2 nd zero-mode at 25.1 GHz. However, for the TM 01 mode resonating at 26.4 GHz, as compared in Fig. 2 (c) & (f), employing the shorting pin slightly affects the filed distribution, thus, as shown in Fig. 1 (c), this TM 01 resonance is kept roughly the same no matter with or without the shorting pin.
Furthermore, this kind of zero modes are not so intuitional due to the fact that they are determined by the transcendental equation (Green function), which generates many roots. Note that it is the shorting pin that induce the zero-mode resonances, its location needs to be studied in the practical design. Specifically, we need to investigate two maps. First one is the resonance distribution map illustrating the distribution order of zero-mode resonances and TM mn resonances, thus, indicating which zero-mode resonance should be considered to merge with the TM mode. As shown in Fig. 1(c) , it indicates the resonance order is as where k 1st 0 , k 2nd 0 , k 01 are the wavenumber of the 1 st zeromode, 2 nd zero-mode and TM 01 mode respectively. It means the 2 nd zero mode that is close to the TM 01 mode, can be merged into TM 01 mode for enhancing the bandwidth.
Second, investigate the 2 nd zero mode, and determine the location of the short pin. We study the probability of moving the 2 nd zero-mode through adjusting the location of shorting pin in the patch. As depicted in Fig. 3 , this 2 nd zero-mode can be moved up and down, and they are distributed like a saddle over the patch surface: the resonances are relative low around 20 GHz when the shorting pin is located in the middle, and rise up to peak around 25 GHz when the pin goes to the two edges. For instance, as shown in Fig. 3 , since the pin moves from A (1.7 mm, −0.1 mm), B (1.2 mm, −0.1 mm), to C (0.95 mm, −0.1 mm) on the patch surface, the filed distribution of the 2 nd zero-mode is perturbed gradually as illustrated in Fig. 4 . Correspondingly, as shown in Fig. 5 , the 2 nd zero-mode resonance is shifted from 25.1 GHz, 23.2 GHz, to 22 GHz respectively. In such a way, we choose the shorting pin at the edge A for producing the 2 nd zero-mode resonance at 25.1 GHz, which is compatible to merge with the TM 01 mode operating at 26.4 GHz, so as to obtain wide bandwidth. Consequently, as the red solid curve shown in Fig. 5 , we obtain a wide bandwidth from 24.5∼28 GHz.
Moreover, the simulated and measured Gain_total, Gain_theta and Gain_phi versus frequencies for the single antenna unit are shown in Fig. 6 (a) & (b), which illustrate good consistence between simulations and measurements, but different polarization between the two modes. Especially, in 27 GHz band, namely, the TM 01 mode, the main polarization is in theta polarization, while in 25 GHz band of 2 nd zero mode, its polarization is approximate to circular polarization. Thanks to that polarization purity is not crucial to mobile terminals, these two different modes can be utilized together in mmWave band. Besides, no matter which mode and what the polarization, their total gains are the same level around 6∼7 dBi.
To study the scanning beams, we set up a quick periodical configuration simulation with master/slave boundary conditions. As shown in Fig. 7 , we can obtain beams scanning maximum to 60 • range, indicating the wide-angle beam scanning property.
B. mmWAVE ARRAY WITH SINGLE-SUBSTRATE LAYOUT
We cascade four units along the y-direction with distance D _1 = 5 mm, then duplicate this row along the x-direction with distance D _2 = 8 mm, thus forming a 4 × 2 array in the compact size 16 × 21 × 0.508 mm 3 (as shown in Fig. 8 ). Thanks to the shorting pins, the antenna resonates in both the 2 nd zero-mode and the TM 01 mode. Simulations in Fig. 9 (a) indicate all the eight ports have very good consistence of S 11 in the wide bandwidth of 24.5 ∼ 28 GHz, and isolations among the adjacent ports are as good as more than 15 dB. Radiation patterns are simulated with setting a certain phase differences between neighbor units along y-direction, while no phase delay exists between two rows along x-direction. Because commercial RF chips possess the functionalities of controlling feeding magnitudes, in the proposed array, we set up the magnitude of each port equally, and emphasize on studying the beam scanning property. More specifically, we set the phase differences among units from gradually 0 to 170 degrees for beam scanning of 0 • ∼ 60 • . As simulations shown in Fig. 9(b) & (c), we realize very good beam scanning from −60 • to +60 • range in the wide bandwidth. This lowprofile mmWave antenna demonstrates wide bandwidth and wide-angle beam scanning, providing the capability of being a good candidate for 5G mobile terminals.
C. mmWAVE ARRAY WITH MULTIPLE-SUBSTRATE LAYOUT
Furthermore, for 5G mobile terminals, mmWave antenna should be extendable and compatible to module-level integration including potential active components such as RF chips, power suppliers, which require multi-layer configuration. In this section, we explicate the design proposed is suitable for the model-level integration. As shown in Fig. 10 , we propose a multi-layer configuration consisting of four layers ( Fig. 10(a) ): mmWave array patterns are on the top (Fig. 10(b) ), followed by the grounded-substrate with 0.508 mm (Rogers RO4350 with ε r = 3.48, tanδ = 0.0037); another 0.2 mm thick substrate (Rogers RO4450F with ε r = 3.52, tanδ = 0.004) is employed for possible active element or power supplying; a bottom substrate (Rogers RO4350 with ε r = 3.48, tanδ = 0.0037) with 0.254 mm is utilized for RF chips or RF connectors. Especially, as demonstrated in Fig. 10(c) , eight pieces of transmission line are designed for connecting SMPM RF connectors, which are aligned along x-axis, leading to the size in x-direction is wider than the single-layer model. Feeding via holes go through from the top layer to the bottom layer, meanwhile, shorting pins for increasing bandwidth, and other via holes for decreasing the coupling are made as well. This kind of configuration with multiple layers considers for further integration with other active components, and is closer to the model in practice. Moreover, with the four-layer configuration, some factors, such as via holes through multiple layers, the effects of extra layers to antenna performance are included. Similar to the setup of single-layer configuration, the phase of each port is set up with certain delay, while the magnitude is the same. As shown in Fig. 11(a) , the S-parameters have the bandwidth of 4 GHz from 24.25 GHz to 28.25 GHz, and the isolation among adjacent ports is more than 15 dB (as shown in Fig. 11(b) ). The simulated radiation patterns, as in Fig. 12 , demonstrate very good beam scanning from −60 • to +60 • in the frequency band of 25 GHz, 26 GHz, 27 GHz and 28 GHz respectively.
To sum up, considering multi-layer configuration practically utilized in module integration, we take account of the mmWave antenna with extra two more substrates, so as to study the bandwidth and scanning beams. By comparing Fig. 11(a) and Fig. 9(a) , we find that multi-substrate structures will induce more resonances than single-substrate design, but the bandwidth is slightly affected. Both two cases have the same beam scanning range of ±60 • . That means the design proposed demonstrates very good compatibility and extensibility for multi-layer design.
III. EXPERIMENTAL IMPLEMENTATION A. MEASUREMENT WITH MULTIPLE-LAYER LAYOUT
To experimentally verify our design, particularly with the multi-layer configuration, we fabricate the prototype as shown in Fig. 13(a) & (b) . The sample is exactly made as the setup in Fig. 10 : four-layer layout with three substrates Rogers4350 (ε r = 3.48, tan δ = 0.0037, thickness 0.508 mm) on the top, Rogers 4450F (ε r = 3.52, tan δ = 0.004, thickness 0.2 mm) in the middle, Rogers 4350 (ε r = 3.48, tan δ = 0.0037, thickness 0.254 mm) on the bottom where the transmission line for eight SMPM ports (Amphenol 925-144J-51P) is designed. The measurement is implemented in the microwave anechoic chamber as shown in Fig. 13(c) . First, we measure the S-parameters including S 11 of all eight ports and the isolation among the adjacent ports, to make sure every port is matched well, and the coupling among these ports is acceptable. As shown in Fig. 14, the return loss bellow −10 dB ranges from 23.5 GHz ∼ 28 GHz, validating the wide bandwidth design. The isolation is more than 15 dB, indicating low coupling level among these ports. Next, a RF model named BBox with eight ports (TMYTEK company, as schematic shown in Fig. 13(d) ) is employed, which functions as phase shifter for providing shifted phases to the eight ports, such that each array unit can be fed independently with a certain phase. Thus, we set up the phase shifting to the four unit cells in the y-axis direction as demonstrated in Fig. 13(a) , while keep them in phase in the x-axis direction. Third, in the anechoic chamber test (as shown in Fig. 13(c) & (d) ), a signal generator (Agilent, E8257D), and a spectrum analyzer (Agilent, N9030A) are utilized for producing and receiving RF signals respectively. We connect the mmWave array antenna to the BBox through eight pieces of cable lines, hence each unit of the array can be supplied independently. Consequently, by controlling the phase from the BBox, we can output desired phase shifting to every port of the array, thereby obtain the scanning beams.
As demonstrated in Fig. 15 (a)∼(d) , radiation patterns at 25, 26, 27, and 28 GHz are illustrated, and beams scan from −60 • to +60 • gradually via −45 • , −30 • , −15 • , 0 • , 15 • , 30 • , 45 • , with the phase differences of 160, 120, 90, 45, and 0 respectively. In the measured scanning beams, side lobes are below −10 dB without any beam-forming techniques. In the extreme case when beams scan to −60 • or +60 • , the side lobes are higher than −10 dB, but can be improved with the traditional beam-forming techniques by controlling magnitudes. As demonstrated in Fig. 16 , the measured gains are averagely around 13 dBi ∼ 15 dBi for 25 ∼ 28 GHz. Moreover, as beams scanning from 0 • to ±60 • , gains keep in varying less than 3 dB in the 120 • scanning range. The experimental measurements illustrate good RF performances in spectrum bandwidth 24 ∼ 28 GHz and ±60 • beam scanning, verifying the patch-type design is a good candidate for the future compact and complex module-level integration.
B. MEASUREMENT IN A 5G CELL PHONE ENVIRONMENT
In this section, we further discuss a more practical case that the multi-layer mmWave antenna is measured in a 5G cell phone environment. As shown in Fig. 17 , we provide one possible layout of future 5G mobile terminals: four mmWave antennas with the four-layer configuration are distributed in the corners, other antennas covering LTE band, Sub-6 GHz band are placed around edges, so as to imitate one of the possible 5G cell phone layouts, and consider their influences on the mmWave antenna. Since the LTE antenna and Sub-6 GHz antenna are designed with the traditional IFAs and Loops, relative details are not presented here. As demonstrated in Fig. 18 , the measured beams demonstrate good scanning properties from −60 • to +60 • , but there are ripples that distort patterns a little bit, particularly in the extreme case of scanning to −60 • . That might because when beams scan to −60 • , namely, pointing to +y-direction, the sub-6 GHz antenna located adjacently in the same direction (as in Fig. 17 ) affects the radiations. Besides, as beams scan to the position near the broadside, where no other antennas exist and the environment is clean, the pattern is slightly distorted. Overall, the experiments in a more practical case demonstrate the good beam scanning in general, but for designing mmWave antenna array module in the complex cell phone environment, the influence from other adjacent antennas should be considered.
As shown in Tab. 1, recently published works on dipole, slot and patch antennas, the most popular antenna types for 5G terminals, are selected to compare with this work in mmWave band. It illustrates whether beam scanning range or profile of the antenna substrate, this work has very good performance and possesses advantages, indicating that comprehensively considering ±60 • beam scanning, low profile as thin as 0.05 λ 0 , and bandwidth with 4.5 GHz, module-level integration compatibility, patch antenna with shorting pin is a good candidate for mmWave 5G terminals.
IV. CONCLUSION
In this paper we propose a candidate mmWave antenna design with inducing zero-mode resonances for 5G mobile terminals. Experiments in multi-layer layout and in cell phone environment demonstrate good RF performance of wide bandwidth, large-angle beams scanning. We conclude that the zero-mode resonances induced patch antenna fits 5G mobile terminals, and particularly suitable for the module-level design that requires low profile and multi-layer compatibility. 
